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Hydrogen peroxide increases the intracellular calcium activity in
rat mesangial cells in primary culture
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Hydrogen peroxide increases the intracellular calcium activity in rat
mesangial cells in primary culture. Oxygen radicals are known to be
mediators of renal injury under several pathophysiological conditions. We
have examined the effect of hydrogen peroxide (H202) on intracellular
calcium activity ([Ca2j) in mesangial cells in primary culture. Mesangial
cells were loaded with 1 /Lmol/liter fura-2, and kept in a Ringer-like
solution. Fura-2 fluorescence was measured in an inverted microscope at
37°C. Angiotensin 11(0.1 nmol/liter) and ATP (0.1 jrmol/liter) induced a
rapid transient increase of [Ca2J1, which was followed by a sustained
plateau (N = 37 and N = 24). In contrast, the addition of H2O2 (0.01 to
10 mmol/liter, N = 157) caused a time- and concentration-dependent slow
increase of [Ca2j1, which reached a stable [Ca211 plateau after 3 to 10
minutes (ED50: 100 rmol/liter). After the removal of H202 [Ca21
decreased partially and reached a stable value approximately 90% above
the resting [Ca2j value. Addition of 100 j.mol/liter H202 to an extracel-
lular Ca2tfree solution resulted either in no rise of [Ca2]1 in some
experiments (N = 7), or [Ca2j1 oscillations in others (N = 10). In the
presence of H202 (>25 mol/liter), the angiotensin II or ATP mediated
increases in [Ca2]1 were almost completely inhibited (N = 15 and N =
10). The cations Ni2 and La3 and the Ca2-antagonist verapamil (10
rmol/liter) did not inhibit the H202 mediated increase of [Ca2]1 (N = 6
to 9). Flufenamate (100 j.rmol/liter), an inhibitor of non-selective cation
channels inhibited the H2O2 induced increase of [Ca2] by 63 11%
(N = 7). Preincubation of the cells with a disulphide reducing agent(dithiothreitol, 500 /Lmol/liter, N = 5) or an iron-chelator (deferoxamine,
100 zmol/liter, N = 5) attenuated the H2O2 mediated effect by 95 15%
and 74 6%, respectively. The H2O2 mediated [Ca2j1 increase was
completely inhibited when mesangial cells were preincubated with 1
rmol/liter U-83836E, an inhibitor of lipid peroxidation (N = 7), and
inhibited by 84 6% when the cells were pretreated with 1 mmol/liter
pyruvate (N = 5). The data indicate that H202: (i) increases [Ca2] in
mesangial cells by a mechanism distinct from angiotensin II or ATP and
(ii) that it inhibits the [Ca21 response to both agonists.
Oxygen radicals including superoxide anion (O2), hydroxyl
radical (01-F) and hydrogen peroxide (H202) have been consid-
ered as important mediators of pathophysiological processes in
many experimental and clinical renal diseases [1]. They play a
critical role in both neutrophil-dependent [2] and neutrophil-
independent [3] glomerular injury, and also participate in the
pathogenesis of acute renal failure [4]. The release of reactive
oxygen radicals leads to proteinuria by affecting glomerular
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endothelial and epithelial cells and disturbing normal glomerular
permselectivity [5, 61. The glomerular filtration rate falls because
oxygen radicals induce renal vasoconstriction and decrease the
glomerular capillary ultrafiltration coefficient Kf [7]. In particular,
the diffusible reactive oxygen metabolite H202, that is generated
by spontaneous or enzyme catalyzed "dismutation" of the super-
oxide anion, seems to be a toxic agent in experimental acute
glomerulonephritis [8]. During glomerular inflammation, H202 is
not only generated by polymorphonuclear leukocytes, which are
present in a variety of proliferative and exsudative glomerular
diseases [5], but may also be released from resident glomerular
epithelial and mesangial cells [9—Il]. Mesangial cells (MC), which
are important actors in the pathogenesis of glomerulonephritis,
are not only the source, but also the target of physiological and
toxic effects of H202 [10, 11]. For example, H202 contracts MC
and stimulates their proliferation; also, the killing of MC by
leukocytes is due to the generation of H202 [12—14]. The cellular
mechanisms of MC activation by H202 are not completely under-
stood.
In this study, we have examined the effect of H202 on the
cytosolic calcium activity ([Ca2]1) in mesangial cells and have
tried to characterize the mechanisms involved. Finally, we asked
whether H2O2 interferes with the responses normally seen in
vasoactive hormone-mediated transduction.
Methods
Cell culture
Mesangial cells (MC) were isolated and cultured as previously
described [15]. In brief, rat glomeruli were obtained by the sieve
technique and incubated with collagenase (1 g/liter; Sigma,
Deisenhofen, Germany) for 15 minutes. Glomeruli were then
suspended in RPM! 1640 medium with 170 g/liter fetal calf serum
(FCS), L-glutamine 2.5 mmol/liter, sodium pyruvate 0.1 mmol/
liter, penicillin io U/liter, streptomycin 100 mg/liter, non-essen-
tial amino acids 0.2 g/liter (all Seromed, Berlin, Germany) and
insulin-transferrin-sodium selenite supplement 5 mg/liter (Boeh-
ringer-Mannheim, Germany). About fifty glomeruli/cm2 were
plated onto collagen-coated glass cover slips (Greiner, Nurtingen,
Germany) and incubated at 37°C in an incubator with a water
saturated atmosphere of 5% C02, 95% air. MC have been
morphologically characterized by phase-contrast microscopy.
They stained positively for smooth muscle actin, desmin and
vimentin. Cytokeratin and factor VIII did not stain, thus excluding
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the presence of glomerular epithelial and endothelial cells. MC
contract in response to i0 mol/liter angiotensin II [15]. The
experiments were performed between the 13th and the 26th day of
primary culture. Twenty-four hours before the experiments, cells
were starved in a medium containing only 5 g/liter FCS.
[Ca2 measurements
Measurement of [Ca2] (this symbol is used throughout this
text to refer to the relative "340/380 nm fluorescence ratio" as well
as to absolute activities, as applicable) was performed with a
set-up described recently t16]. The system allows fura-2 fluores-
cence measurements at the single cell level. In brief, fura-2
fluorescence (excitation wavelengths: 340, 360, 380 nm, emission
wavelength: 510 n; all filters Lys & Optik, Lyngby, Denmark) was
measured in an inverted fluorescence microscope (bath tempera-
ture: 37°C, bath solution changes within 1 s). The set up was based
on a high speed filter wheel and a single photon tube (Hamamatsu
H 3460-04, Herrsching, Germany) allowing a time resolution of
up to 200 Hz. The signal was amplified, digitized and averaged
every 10 seconds. The fluorescence signal measured at 360 nm
excitation, the isosbestic point, allowed for the detection of any
perturbances in the system. MC were incubated with fura-2 AM
ester (1 jtmol/liter) for 30 minutes at 37°C and 5% CO2. There-
after a single cell was positioned under the measuring diaphragm,
with the aperture covering approximately three quarters of the
cell. The measured noise signal and autofluorescence of the cell
did not exceed 1% of the fura-2 fluorescence, and the average
autofluorescence value of 6 experiments was subtracted before
calculation of the fluorescence emission ratio at 340/380 nm
excitation. In 85 experiments the calibration of the fura-2 fluores-
cence signal could be performed at the end of the protocol using
the Ca2 ionophore ionomycin (5 tmol/liter) and low and high
Ca2 buffers as described previously in detail [16]. [Ca2]1 was
calculated from the fluorescence ratio according to the equation
described by Grynkiewicz, Poenie and Tsien [17]. A K for the
fura-2-Ca2 complex of 224 nmol/liter (37°C) was assumed.
Solutions and chemicals
The standard solution (control) contained (in mmol/liter): 145
NaCI, 1.6 K2HPO4, 0.4 KH2PO4, 1.3 Ca-gluconate, 1 MgCl2, 5
D-glucose, pH 7.4. For Ca2-activities of 106 mol/liter and
lower, solutions were buffered with ethylene-glycol-bis(/3-ami-
noethylether)N,N,N',N'-tetraacetic acid (EGTA). The following
agents were used: hydrogen peroxide (300 g/liter solution), di-
methyl sulfoxide (DMSO) (Merck, Darmstadt, Germany), fura
2-AM, pluronic F127, ionomycin, angiotensin II (Ang II), ade-
nosine triphosphate (ATP), catalase from bovine liver, deferoxa-
mine mesylate (DFO), DL-dithiothreitol (DTT), flufenamic acid
(FLU), lanthanum chloride, nickel chloride, sodium pyruvate
(PYR), and verapamil-hydrochloride (VER) (Sigma, Deisen-
hofen, Germany). U-83836E was kindly supplied by the Upjohn
Company (Kalamazoo, MI, USA).
Statistics
The data are given as mean values SEM (N), where N refers
to the number of measurements. The paired Student's t-test was
used to compare mean values within one experimental series.
Data from two groups were compared by the unpaired t-test. A
P-value of <0.05 was accepted to indicate statistical significance.
Results
Hydrogen peroxide (H202) increases the cytosolic calcium activity
[Ca2]1 in mesangial cells (MC)
Addition of H202 to single MC loaded with fura-2 resulted in a
slow sustained increase of [Ca2]1 to a peak value, which was
followed by a plateau value 90 4% higher than resting [Ca2]1
(N = 157). After removal of H202 and rinsing of MC with
Ringer-like solution, [Ca2] showed two types of responses: it
decreased to a mean value 36 4% above the baseline [Ca2]1 in
the majority of cells (N = 60), but stayed high in approximately
one third of the experiments (N = 40), and was 89 7% above
baseline [Ca2]1 although H2O2 had been removed for several
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Fig. 1. Microfluorescence measurements of the
cytosolic free calcium activity ([Ca2 f]1) in single
mesangial cells in response to A.
Representative recording of the fura-2
fluorescence ratio in response to 100 jsmol/liter
H202. B. Concentration response curves for the
H202 induced [Ca2]1 increase (N = 6 to 96)
and for the time to reach the [Ca2] peak, with
different H202 concentrations.
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minutes. Figure 1A shows a representative fluorescence measure-
ment obtained from a single MC exposed to 100 mol!liter H202.
The [Ca2]1 response to H202 was concentration-dependent with
an ED5() of 100 J.LmoI/liter H202 (Fig. 1B). The time required to
reach the Ca2}1 peak in the presence of H202 was also concen-
tration dependent that is, the time for a maximal [Ca2]1 response
was shorter for higher concentrations of H202 (Fig. 1B). In 85
experiments a calibration of [Ca211 could be performed and a
basal [Ca2]1 value of 39 2 nmol/liter was measured (N =85).
A total of 100 jimol!liter H202 elevated [Ca2]1 to a peak value of
234 17 nmol/liter (N = 38).
In the absence of extracellular Ca2, the slow increase of
Fig. 2. A. Upper panel: Original record showing
the effect of 100 pinol/liter 1I 202 on [Ca2] in
the presence and absence of extracellular Ca2t
Lower panel: Summary of the effect (N = 5). B.
Upper panel: H202 applied in extracellular
Ca2-free solution. Note that [Ca2]1-
oscillations occur. Lower panel: Summary of
the effect (N = 17). Asterisks indicate
significant differences between control and peak
values. (C = control, C* = control without
extracellular Ca2).
[Ca2]1 mediated by H202 (100 jxmol/liter) was completely inhib-
ited (N = 7), and in 10 of 17 experiments [Ca2]1 oscillations
occurred (Fig. 2). Even in the absence of H202, subsequent
addition of extracellular Ca2 increased [Ca2I to a value
comparable to the rise of [Ca2} observed in the presence of
H202. In addition, removal of extracellular Ca2 during the
H202-induced [Ca211 plateau led to a rapid decline of [Ca2]1 to
basal [Ca2] values (N = 5). Figure 2 A and B show original
fluorescence recordings of the effect of H202 in the absence or
presence of extracellular Ca2t The data are summarized in the
lower panels.
In six experiments the morphology of mesangial cells was
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flufenamate (FLU, 100 pmol/liter). Lower panel:
Summary of the effect (N 7). B. Upper
Fig. 3. A. Upper panel: Original record with
panel: Original experiment with verapamil
(VER, 10 /Lmol/liter). Lower panel: Summary
of the effect (N = 6). The agents were added to
mesangial cells five minutes prior to co-
incubation with H202 (100 mol/liter). C =
control. Asterisks indicate statistical differences
to controls.
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Fig. 4. H202 impairs the effect of angiotensin II (Ang II, 10 nmollliter) on
[Ca2]1 in mesangial cells. Upper panel: Original experiment. Effect of
Ang II on [Ca2]1 in mesangial cells in the absence and presence of 50
!Lmollliter H202. Lower panel: Summary of the entire series. In each
experiment, mesangial cells were exposed to Ang II three times (peak I—
III). After the first application of Ang II (peak I), cells were superperfused
with different concentrations of H2O2 (10 to 100 j.Lmollliter) and Ang II
was added in the presence of H202 (peak II). Thereafter cells were rinsed
with control solution and Ang II was again added (peak III). Results are
given in percent inhibition of the first agonist induced [Ca2I1 peak.
Asterisks indicate significantly reduced values as compared to control
experiments obtained without application of H202 (N = 5 to 7).
observed during the application of 100 mol/liter H202. In each
of the experiments the superperfusion of H202 led to a visible
contraction of > 90% of the cells after six minutes (data not
shown).
Effect of flufenamate, verapamil, Ni2 and La3 on the H202
induced [Ca2]1 increase
The L-type Ca2 channel antagonist verapamil (10 jimol/liter)
did not inhibit the [Ca2I increase induced by H202 (100
mol/liter). Flufenamate (100 imol/Iiter), a blocker of C1 and
non-selective cation channels [18, 19], increased baseline fluores-
cence ratio slightly but significantly by 10 4%. This increase was
due to an influence of flufenamate on fura-2 fluorescence. In
paired experiments, however, flufenamate attenuated the H202
mediated [Ca2]1 increase by 63 11%, (N 7). Figure 3
summarizes the data obtained with verapamil and flufenamate on
the effect of H202 on [Ca2]1. Preincubation of MC with Ni2 and
La3 had no influence on [Ca2] and did not significantly inhibit
II2O2 impairs the effect of vasoactive agents on [Ca2] in
mesangial cells
Extracellular addition of angiotensin II (Ang II, 10 nmol/liter)
or adenosine 5'-triphosphate (ATP, 10 mol/liter) caused a rapid
and transient peak of [Ca2], which was followed by a [Ca2]
plateau above baseline [Ca2] (N = 37). The agonist induced
[Ca2 ] plateau, but not the [Ca2]1 peak was dependent on the
presence of extracellular Ca2 (N = 13, data not shown). Appli-
cation of 10 .tmol/liter H202 did not significantly influence the
[Ca2] response to Ang II or ATP (N = 7),whereas 25 .tmol/liter
H202 reduced the Ang II or ATP induced [Ca2]1 peak and
plateau by 78 11% and 71 8%, respectively (N = 5 to 7).
Figure 4 shows an original experiment on the effect of Ang II on
[Ca2I1 in the absence and presence of 50 mol/liter H2O2. In an
extracellular Ca2-free solution 25 jsmol/liter H202 also inhibited
the Ang II mediated [Ca2] increase (N 3, data not shown).
Catalase, dithiothreitol, deferoxamine and pyruvate inhibited the
H202 induced [Ca2], response in mesangial cells
In the presence of catalase (200 kU/liter) addition of H202 (100
iimol/liter) completely prevented the [Ca2]1 response. The ap-
plication of catalase and H202, during the H202 induced [Ca2]1
plateau, reduced [Ca2]1 by 48 6% (N = 5, data not shown).
Pretreatment of MC with the disulfide reducing agent dithio-
threitol (Dli, 500 j.tmol/liter) for five minutes had no effect on
[Ca2]1, but inhibited the H202 elicited [Ca2]1 increase by 95
15% (N = 5). In addition, the application of Dli during the
H202 mediated [Ca2]1 plateau decreased [Ca2I1 significantly by
81 8% (N = 9). Figure 5 shows original records and a summary
of the effect of Dli on H202 mediated [Ca2]1 increase and
plateau in MC. Preincubation with the iron chelator deferoxamine
(DFO 100 jsmol/liter) for one hour significantly prevented the
increase of [Ca2] following the addition of 100 imol/liter H202
(74 6% Fig. 6, N = 5), whereas preincubation for five minutes
had no inhibitory effect on the [Ca2]1 response to H202 (inhibi-
tion by 3 4%, N = 5).
Effect of the lipid peroxidase inhibitor U-83836E on H202 induced
[Ca2], increase
Pretreatment of MC with the lipid peroxidase inhibitor
U-83836E (1 jLmol/liter) for five minutes resulted in a significant
inhibition of the H202 induced rise of [Ca2I by 92 6% (N =
5, Fig. 7A). Addition of U-83836E during the H202 induced
[Ca2]1 plateau completely inhibited it, that is, [Ca2] decreased
towards baseline [Ca2]1 (N = 6, Fig. 7B).
Pyruvate inhibits the H202 mediated [Ca2], increase in
mesangial cells
Figure 8A shows a representative fluorescence trace of the
effect of pyruvate (1 mmol/liter) on [Ca24J, induced by 100
.rmol/liter H202. Pretreatment of MC with pyruvate for three to
five minutes resulted in a significant reduction of the H202
mediated [Ca2J increase by 84 6% (N = 5). Also, addition of
pyruvate into the H202 mediated [Ca2]1 plateau reduced the
plateau significantly by 79 5% (Fig. 8B, N = 7).
1 peakl peak II peak II the [Ca2J increase (2 7% and 2 6%, N = 5 for both cations)induced by 100 i.tmol/liter H202.
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Fig. 6. Original record of the effect of deferoxamine (DFO, 100 pmol/liter)
on the H202-mediated [Ca2 47 increase. Mesangial cells were preincubated
with DFO for one hour and perfused with H202 (100 jmol/liter; N = 5).
Note that although cells have been rinsed with H202, angiotensin II (Ang
II, 10 nmol/liter) induced a [Ca2] increase.
Deferoxamine, dithiothreitol, U-83836E, but not pyruvate reversed
the inhibition of the [Ca2]1 increase in response to Ang II
In experiments in which the H202 mediated [Ca2]1 response
was inhibited by 100 tmol!liter DFO or 500 JLmol/liter DTIE' or 1
mol/liter U-83836E, H202 did not influence the Ang II or ATP
mediated [Ca2]1 response, that is, Ang II and ATP induced a
transient peak and plateau of [Ca2]1 not different from that seen
under control conditions (N = 5 for all agents; Figs. 6—8). In
contrast, after the inhibition of the H202 effect by pyruvate, the
response to Ang II was still impaired (Fig. 8, N = 5).
Discussion
Mesangial cell injury is a critical feature in many forms of
glomerulonephritis but its cellular mechanisms are not completely
understood [20]. Recently it has been suggested that H202,
released from leukocytes or glomerular resident cells, is a toxic
Fig. 5. Dithiothreitol (DTT, 100 jxmol/liter)
inhibited the [Ca27 increase mediated by 100
p.mol/liter JI2O2 in mesangial cells. A. Upper
panel: Original record showing the effect of five
minutes pretreatment with DTT on the H202
mediated [Ca2I, increase. Lower panel:
Summary of the data (N = 5). B. Upper panel:
Effect of DTT during the H202 induced [Ca2j
plateau. Note that angiotensin II (Ang II, 10
nmol/liter) induces a transient [Ca2] increase
after inhibition of the H202-effect by DTT.
Lower panel: Summary of the data (N = 7). C
= control. Asterisks indicate statistical
differences to controls.
reagent for mesangial cells [6, 8]. On a cellular level it has been
shown that H202 influences important functions of mesangial
cells, such as release of prostaglandin production [211, stimulation
of proliferation [13] or contraction [14]. We also observed a H202
mediated contraction of mesangial cells. However, it is still a
matter of debate whether the contractile state of mesangial cells
could affect GFR at all [22], and the functional in vivo conse-
quences of the H202 mediated mesangial cell contraction on GFR
regulation is uncertain. Infusion of H202 into the renal artery
produced proteinuria, but did not reduce GFR [231.
Our data demonstrate that H202 increases [Ca2]1 in mesangial
cells in primary culture already at fairly low concentrations. The
[Ca2I increase was sustained. After removal of H202, [Ca2]1
first declined to a new value above baseline value, and then
increased again in many instances. The irreversibility of the H202
effect suggests that the [Ca2]1 increase is the result of a non-
specific membrane damage. However, the concentration depen-
dence of the effect and the reversal of the H2O2 mediated [Ca2]1
increase by several compounds argue against non-specific, toxic
mechanisms. In addition, as a marker for cytotoxicity, we mea-
sured the time-dependent LDH release of mesangial cells after
exposure to 100 jxmol/liter H202 and did not observe an increase
of LDH release within 30 minutes after the addition of H202
(results not shown). Removal of extracellular Ca2 during the
H202 mediated [Ca2]1 increase completely inhibited the effect of
H202. Also, preincubation of mesangial cells in an extracellular
Ca2 free solution inhibited the [Ca2I1 response to H202, but
under this experimental condition [Ca2] oscillations appeared in
several experiments. These data indicate that the increase of
[Ca2I is mainly due to a [Ca21 influx from the extracellular
space, and that H202 is also able to affect intracellular Ca2
stores. In agreement with our observations, the Ca2 influx has
been suggested to be the main source of the H2O2-mediated
[Ca2]1 increase in endothelial cells [241. In contrast, epithelial
cells also show a rapid [Ca2]1 increase that is transient following
the mobilization of Ca2 from intracellular stores in response to
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H202 [251. The high sensitivity of mesangial cells to H202 in our
experiments may be due to the fact that we used primary rather
than permanent cell cultures. Mesangial cells in primary culture
might better mimic the in vivo situation, whereas long-term
cultured mesangial cells are known to alter their biological
characteristics [20, 261. Along these lines, mesangial cells of low
passage number are more likely to be killed by PMA stimulated
neutrophils [121.
When Ca2 was re-added into the extracellular solution after
suppression of the H202 effect, with an extracellular Ca2-free
solution [Ca2]1 increased, indicating that removal of extracellular
Ca2 may not prevent mesangial cells from the H202 toxicity.
Fig. 7. The lipid peroxidase inhibitor U-83836
(U83, 1 ,smol/liter) inhibited the H202 (100
j.unol/liter) induced /Ca2] increase in mesangial
cells. A. Upper panel: Original record. The
H202 induced [Ca2I increase was prevented
by U-83836E for the entire experiment. Lower
panel: Summary of the data (N = 5). C =
control. B. Upper panel: Original record. U-
83836E decreased the H202 induced [Ca2]
plateau. After application of U-83836E,
angiotensin II (Ang II, 10 nM) was able to
increase [Ca2]1 in mesangial cells. B Lower
panel: Summary of the data (N = 5 to 7). C =
control. Asteriks indicate statistical differences
to controls.
Fig. 8. Effect of pyruvate (PYR, 1 mmol/liter) on5 mm the 1-1202 induced [Ca2] increase in mesangial
cells. A. Upper panel: Original record.
Preincubation with PYR for five minutes
partially inhibited the [Ca2I1 peak induced by
100 /.Lmol/liter H202. Lower panel: Summary of
the data (N = 5). B. Upper panel: Addition of
PYR during the H2O2 elicited [Ca2]1 plateau,
decreased [Ca2I towards baseline [Ca21r
values. Note that the effect of PYR was not
able to reverse the inhibition of the response to
angiotensin II (Ang II, 10 nmol/liter). Lower
panel: Summary of the entire series (N = 7). C
= control. Asterisks indicate statistical
differences to controls.
Similar results have been recently observed in renal tubular cells
[27].
To characterize the pathways responsible for the Ca2 influx,
mesangial cells were pretreated with Ni2 and La34, which are
known to block voltage dependent and voltage independent Ca2
channels [28]. Both cations did not significantly reduce the H202
induced [Ca2] increase, suggesting that the Ca2 influx occurred
by other mechanisms. In addition, the Ca2 channel blocker
verapamil failed to inhibit the response to H2O2. These data fit
well to findings reported in renal tubular cells and coronary
endothelial cells, where verapamil did not inhibit the rise of
[Ca2]1 following the addition of H2O2 [27, 29]. In contrast to the
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present data, it was recently shown that verapamil inhibited H202
induced proliferation of mesangial cells [14]. One explanation for
these somehow differing results might be due to the fact that long
term effects (24 hr) were studied in the latter study, and the
inhibition of the H202 induced proliferation by verapamil may
have been due to other effects of verapamil on mesangial cells
[30]. Flufenamate, which is known to block non-selective ion
channels, partially reduced the H2O2 mediated [Ca2]1 increase,
suggesting that a non-selective ion channel may be involved in this
effect [18, 191.
The hormone induced increase of [Ca2j is an important event
in mesangial cell function leading to a depolarization and cell
contraction [20]. Ang II induced a transient peak followed by a
sustained plateau in mesangial cells. The sustained plateau, but
not the peak is dependent on extracellular Ca2, indicating that
Ang II is able to release Ca2 from intracellular stores and
induces a Ca2 influx from the extracellular space [31]. Both the
Ang II induced [Ca2]1 peak and plateau were abolished in the
presence of H202. The inhibition of Ang II dependent intracel-
lular Ca2 stores by H202 was confirmed in another experimental
series, in which the Ang II mediated Ca2 release was also
inhibited in the presence of H202 in an extracellular Ca2-free
solution. The inhibition was not agonist specific, because the
[Ca2] response to extracellular ATP was also prevented in the
presence of H2O2. These data indicate that H2O2 not only
increases [Ca2] in mesangial cells, but also impairs the response
to vasoactive agents. Similar mechanisms of H202 induced im-
pairment of hormone responses have been observed in endothe-
hal cells, where H202 inhibited thrombin- and histamine-induced
inositol trisphosphate production [32].
In our experiments, the effective oxidant species originated
from hydrogen peroxide, because preincubation with catalase was
protective. On the other hand, the addition of catalase during the
H202 induced [Ca2] plateau had no significant effect, suggesting
that H2O2, which is freely membrane permeable, induced a
[Ca2]1 increase that became independent of extracellular H2O2
[33]. In the presence of iron and superoxide radical, reactive
hydroxyl radicals may be generated from H202 through the
Haber-Weiss reaction [34]. Preincubation of mesangial cells with
the iron chelator DFO inhibited the H202-mediated [Ca2]
increase, suggesting that further reduction of H2O2 by intracellu-
lar iron may be an important mechanism involved. These findings
are in agreement with the observation that DFO is highly protec-
tive against Ca2 cytotoxicity in a renal proximal tubule cell line
and the neutrophil mediated killing of mesangial cells [12, 35].
Scavengers of reactive oxygen metabolites are also known to be
protective in many forms of reactive oxygen-mediated tissue
injury [36—38]. Treatment of mesangial cells with the sulphydiyl-
oxidizing agent dithiothreitol inhibited both the H202 mediated
[Ca2]1 increase as well as the [Ca2], plateau in the presence of
H2O2, indicating that the redox status of thiol groups in mem-
brane proteins is involved in the H2O2-mediated [Ca2]1 increase.
Another substance that has been recognized to protect from renal
injury in vivo and in vitro by reducing H202 to water, is pyruvate
[36]. Pretreatment of mesangial cells with pyruvate inhibited the
H202 induced [Ca2]1 increase. Also, the addition of pyruvate in
the presence of H202 resulted in a decrease of [Ca2]1. However,
the inhibitory potency of pyruvate was less when compared with
DFO or DTT, that is, after removal of pyruvate [Ca2]1 slightly
increased again. In addition, after the inhibition of the H202-
mediated [Ca2]1 increase by pyruvate, mesangial cells still failed
to respond to angiotensin II, whereas the inhibition of the
H2O2-induced [Ca2]1 increase by DFO or DTT completely
preserved the effect of angiotensin II on [Ca2]1. These findings
indicate that pyruvate may not completely restore mesangial cell
function after exposure to H2O2. The antioxidative effect of
pyruvate is dependent on its ability to scavange H202 and thus on
the available amount of pyruvate in comparison to H2O2. Under
the experimental conditions used here the scavenging by pyruvate
may not have been complete and some H202 may have escaped
degradation.
Hydrogen peroxide is able to attack unsaturated bonds in
membrane lipids with consequent lipid peroxidation, leading
to a loss of membrane fluidity and cellular damage [39]. The
lipid peroxidation inhibitor U-83836E, the (-)-enantiomer of
U-78517F, which has been reported to attenuate the increase of
[Ca2]1 following the application of H2O2, completely inhibited
the H2O2-mediated [Ca2] increase in mesangial cells [29]. Like
DFO and DTT, the lipid peroxidase inhibitor completely reversed
the impairment of the response to angiotensin II in H2O2 treated
mesangial cells.
In summary, H2O2 increases [Ca2J1 in mesangial cells in
primary culture mostly via an influx of Ca2 from the extracehlular
space. The Ca2 influx is not mediated by a voltage dependent
Ca2 channel but may be due to the opening of a non-selective,
flufenamate sensitive channel. The H202-mediated [Ca2] in-
crease impairs the physiological response to angiotensin II and is
partly or completely inhibited by the addition of deferoxamine,
dithiothreitol, pyruvate and a lipid peroxidase inhibitor. The
sustained increase of [Ca2]1 after oxidative stress has been
assumed to be an important factor in cell death [40] and the
understanding of the mechanisms of the H2O2-mediated [Ca2]
increase may be one key in the understanding of its cytotoxicity.
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